The photonic quantum ring (PQR) laser is a three dimensional whispering gallery (WG) mode laser and has anomalous quantum wire properties, such as microampere to nanoampere range threshold currents and dependent -T thermal red shifts. We observed uniform bottom emissions from a 1-kb smart pixel chip of a 32×32 InGaAs PQR laser array flip-chip bonded to a 0.35 µm CMOS-based PQR laser driver. The PQR-CMOS smart pixel array, now operating at 30 MHz, will be improved to the GHz frequency range through device and circuit optimization.
I. Introduction
Research on free space optical switching and interconnection technology has been intensively investigated for the last decades [1] . One of the most important technologies in an optical interconnection is a so-called smart pixel, which incorporates a well-developed CMOS functional circuitry and optical devices such as a multiple quantum well modulator [2] , vertical cavity surface emitting laser (VCSEL) [3] , or photonic quantum ring (PQR) laser. As the size of a chip decreases and the operating frequency increases, crosstalk between two lines, impedance mismatching, and signal dispersion become unavoidable issues. Hence, flip-chip bonding and multi-chip module technologies have become common techniques for improving the interconnecting efficiency in high speed computing systems. The hybrid integration of VCSEL to the CMOS circuit has been a prevailing technique for up to 8×8 and 16×16 array chips. The PQR-CMOS combination is now more promising for lower power consumption and higher density smart pixel array development in kilo-to-mega chips.
In previous reports, we discussed a PQR laser [4] - [6] that exhibits ultra-low threshold currents and dependent -T thermal spectral shifts, achieved from a toroidal micro-cavity of three dimensional (3D) whispering gallery (WG) modes in the peripheral Rayleigh band of the active multiple quantum well planes of a VCSEL-like structure. Cavity Q values of 15,000 or higher, observable from recent PQR devices due to their nearly perfect confinement in a 3D cavity, lead to unusual threshold currents far lower than the same size VCSELs or two dimensional WG lasers. These characteristics have allowed us to integrate a several kilobit PQR laser array so far and are promising for an even higher density array, which also makes the PQR laser a good candidate for laser display applications [7] .
In this paper, we describe an independently addressable CMOS repeater circuit to drive the PQR laser and pulse response of the PQR-CMOS smart pixel array. We also demonstrate a hybrid integration process for the 1-kb InGaAs PQR laser with the CMOS driver, particularly using double 32×32 In solder bumps by flip-chip bonding. Bottom emissions and modulation characteristics of the fabricated 1-kb PQR smart pixel array are also presented.
II. Hybrid Integration
For fabrication of the bottom emitting PQR laser array, we chose an In 0.2 Ga 0.8 As active layer whose photoluminescence has a maximum at a wavelength of 970 nm where the GaAs substrate becomes transparent. Mesas with a 15-µm diameter were formed by chemically assisted ion-beam etching to enhance the sidewall smoothness [8] . For the n-ohmic contacts in Fig 1, we evaporated AuGe/Ni/Au metals and accomplished rapid thermal annealing and then electroplated the Au posts above them up to the height of the mesa. After planarization with polyimide, the Cr/Ni/Au metals for the under bump metallurgy and In for the solder bump were evaporated as shown in Fig. 1(a) . The p-contact mesa is effectively surrounded by four n-contacts, whose configuration may help the uniform spreading of carriers in the substrate region. In the process of In bump evaporation, the height of the In bump needs to be more than 10 µm. The larger the In ball size, the lower the probability of horizontal misalignments between the PQR and CMOS contacts. For this reason, we obtained a photo-resistor pattern as thick as 26 µm by using a viscous photoresist (AZ9260).
The GaAs substrate was lapped, thinned to 200 µm, and polished by using chemical mechanical polishing to reduce the attenuation loss substantially, since the light from the flip-chipbonded PQR lasers are bottom-emitted through the substrate. Subsequently, we performed a reflow process on the hot plate We also fabricated the CMOS driver chip by the MOSIS foundry service using TSMC-35-SIL technology. Each driver cell includes a selection circuit with column and row signals to independently address a particular cell in the 32×32 PQR laser array, flip-chip bonded to the CMOS chip at 40 °C for 2 minutes with a weight of 1.7 kg using a flip-chip bonder (M-8A, RD-automation). 
III. Properties of the PQR Laser Array
The PQR manifold for emission was naturally formed in the peripheral Rayleigh toroidal of the active region of a cylindrical mesa structure [4] - [7] . The images of Figs. 3(a) and (b) show the top and bottom emission. As shown in Fig. 4(a) , the PQR laser exhibited ultra-low threshold properties that also indicated the same thresholds for either full or hollow (i.e., without central VCSEL region) mesa type PQRs approaching the theoretical predictions. PQRs of less than 7 µm began to enter the nanoampere threshold regime [4] . To distinguish the PQR WG mode from the VCSEL mode, we present the wavelength shift data for both as a function of the device temperature in Fig.  4(b) . It is notable that the spectral shift of the PQR mode shows a distinct dependence, while the wavelength of the VCSEL mode increases linearly with a temperature coefficient of 0.07 nm/°C [9] . The level-off properties above 40 °C enabled us to integrate an array with a few kilobits for the PQR laser and are very promising for even higher-density smart pixel arrays. The 32×32 InGaAs PQR laser array employed here operates at a wavelength of 975 nm, emitting photons through the GaAs substrate bottom. Figure 5 (a) shows clear bottom emissions of the 1-kb PQR smart pixel array at an injection current of 100 mA (about 100 µA per cell) and Fig. 5(b) is the superimposed bottom emission spectrum of 100 sampled elements out of the 1-kb PQR laser array. The line width measured from the bottom emitting device with an optical spectrum analyzer (HP70951A) was as narrow as ∆λ 1/2 =0.4 nm at an injection current of 100 µA as shown in the inset of Fig. 5(b) . Compared with that of a top emitting device (∆λ 1/2 =0.05 nm [10] ), the spectrum of the bottom emission was somewhat broader, probably because of interfacial scatterings on the substrate side which became the lower part of the effective toroidal cavity. The lower n-DBR stack interfaces and the buffer-substrate interface may be rougher than the p-DBR side due to the rough wafer surface. The N-side semiconductor may also have a lot more dislocation defects during epitaxial growth. We suspect that the bottom emission may correspond to a resonant PQR cavity effectively different from the top emission Fabry-Perot path. The lasing wavelength and intensity distribution of the 1-kb PQR laser array is shown in Figs. 6(a) and (b) . The lasing wavelength was 974.5 nm ± 0.7 nm, while the intensity collected through the probe tip of the optical spectrum analyzer was 1.7 nW ± 0.7 nW on average. The average and standard deviation of the lasing wavelength and intensity of the bottom emission of the 1-kb InGaAs PQR laser array are presented in Table 1 . The sharp, uniform bottom emissions from the PQR smart pixel arrays are very promising for the massively parallel optical interconnection technology.
IV. Large Signal Modulation
The CMOS drive circuits allowed each PQR to be independently modulated by external electrical control. shows the large-signal modulation characteristics of the PQR-CMOS smart pixel array packaged in a 64-pin ceramic package. The PQR emissions were coupled to the optical fiber probe of an InGaAs photo-detector, and the generated signals were analyzed in a digital oscilloscope. The detector was an InGaAs-APD whose relative sensitivity was below 50 percent of the maximum at a wavelength of 975 nm. The present PQR smart pixel array operates with a modulation speed of 30 MHz corresponding to an aggregate throughput of 60 Gbps with 2 bits/Hz, 1 kb cells, and 100 µA/cell currents. This modest result originates mainly from the parasitic effects of the ceramic package, large-size bonding pad, In ball, and the equipment itself [11] . The modulation characteristics of the PQR laser, however, will be greatly improved not only by a proper design of the PQR laser and an optimized process to reduce RC time constants but also by a small signal modulation instead of the large signal modulation [12] . With a given value of R=300 Ω and C=1.8 pF, f=1/2 πRC (a PQR with a 7.5 µm radius) becomes 300 MHz. The present modulation experiment, however, gives rise to a measurement limitation: the oscilloscope probe's capacitance of 8pF limits the value of f = 66 MHz. In addition, ceramic package parasitics seemed to have affected our data significantly.
V. Conclusions
Ultra-low threshold currents and dependent -T thermal spectral red shifts of the PQR laser lead us to the hybrid integration of the PQR-CMOS smart pixel array which is promising for very high density arrays with low power consumption and robust spectral behavior. We fabricated a 1-kb PQR laser array and a 0.35 µm CMOS-based PQR laser driver, flip-chip bonded together via the 1-kb In ball array. We obtained uniform distribution of the lasing wavelength and intensity of the bottom emission of the 1-kb InGaAs PQR laser array. The PQR-CMOS smart pixel array works with a frequency of 30 MHz corresponding to an aggregate throughput of 60 Gbps. With an optimized design of the PQR laser and measurements, we can further improve the high speed operation property for free space optical interconnection and optical computing. 
